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31. (New) The process of Claim 23, wherein the single 
crystal diamond doped with boron has a thermal conductivity of 
from about 26-31 W/cm°K. 

32, (New) The single crystal diamond of Claim 22, 
wherein said diamond has a thermal conductivity of from about 
26-31 W/cm°K. 



REMARKS 

In order to expedite the prosecution of the present 
application, Claims 1-16 have been canceled and replaced by 
newly presented Claims 17-32 which more particularly point out 
and distinctly claim the subject matter which Applicants 
regard as the invention. Specifically speaking, newly 
presented Claim 17 is directed to a single crystal diamond 
p-type semiconductor which has a thermal conductivity of from 
about 26-31 W/cm°K and consists of at least 99.5% isotopically 
pure 12 C or 13 C and boron in an amount not exceeding 100 ppm. 
Newly presented Claim 18 is directed to a method of 
manufacturing this single crystal diamond p-type semiconductor 
by a high pressure method. Newly presented Claim 22 is 
directed to a single crystal diamond having a boron content 
and consisting of boron in an amount not exceeding 100 ppm and 
at least 99.5% isotopically pure 12 C or 13 C. Claim 23 is 
directed to a method of producing this single crystal diamond 
containing boron by a high pressure method. It is 
respectfully submitted that the currently presented claims are 
patentably distinguishable over the prior art cited by the 
Examiner . 

The presently claimed invention is based on the 
unexpected discovery that an isotopic diamond can be doped 
with boron and possess a high thermal conductivity as well as 
be a p-type semiconductor. An isotopically purified diamond 
has a thermal conductivity about 50% greater than that of a 
pure naturally occurring diamond, which possesses the highest 
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thermal conductivity in nature- However, given the current 
knowledge in the art, doping of an isotopic diamond would be 
expected to greatly lower the diamond's thermal conductivity. 
Since it would be highly desirable to use diamond in 
electronic parts as a heat sink material, the present 
discovery that diamonds can be given semiconductor properties 
and yet still maintain a high thermal conductivity is 
extremely important . 

The p-type single crystal diamond semiconductor of the 
present invention is prepared by a high temperature/high 
pressure method in which a flux of molten metal is used to 
dissolve the carbonaceous source for producing the single 
crystal diamond. The molten metal takes up a carbon source up 
to its saturation concentration before a single crystal 
diamond precipitates therefrom. Since the present invention 
can use an inexpensive flaky pyrolytic carbonaceous material, 
it is much less expensive than prior art methods and a soluble 
in molten metal at a higher temperature than diamond so the 
diamond can precipitate out of the molten metal solution 
separately from the pyrolytic carbon. It is respectfully 
submitted that the prior art cited by the Examiner does not 
disclose the presently claimed invention. 

Claims 1-11, 14 and 15 have been rejected under 35 USC 
103(a) as being unpatentable over Tsuji et al in view of 
Anthony et al. Claims 1-7, 12, 13 and 16 have been rejected 
under 35 USC 103(a) as being unpatentable over Banholzer et al 
in view of Anthony. Applicants respectfully traverse these 
grounds of rejection and urge reconsideration in light of the 
following comments . 

The Tsuji et al reference discloses a method for 
synthesizing single diamond crystals having a high thermal 
conductivity. The single diamond crystals are synthesized by 
using a carbon source consisting of at least 99.9 atomic 
percent 12 C. 
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Column 4, lines 59-67, of this reference disclose that 
impurities lower the thermal conductivity of diamonds and that 
although the effect of nitrogen is small, further improvements 
in thermal conductivity can be achieved if the nitrogen 
impurity is completely eliminated. Additionally, enclosed 
herewith for the Examiner's benefit is an article by Anthony 
et al entitled "Thermal diffusivity of isotopically enriched 
12 C diamond", Phys . Rev. B (1990) Vol. 42, No. 2, 1104-1111, 
which espouses the accepted theory regarding the increase in 
thermal conductivity due to the reduction in phonon-isotope 
scattering with an increase in isotopic purity. As evident 
from the disclosure in this article, one of ordinary skill in 
the art would not expect that introduction of a doping 
compound into diamond, let alone isotopically pure diamond, 
would improve the thermal conductivity of a single crystal 
diamond. It would be expected that the thermal conductivity 
would be impaired due to the doping compound interfering with 
the crystal structure. 

The Anthony et al reference is directed to a method for 
enhancing the toughness of diamonds formed through chemical 
vapor deposition. Anthony et al discloses the additives such 
as silicon, germanium, niobium, vanadium, tantalum, 
molybdenum, tungsten, titanium, zirconium, hafnium, nitrogen, 
boron, oxygen and phosphorus may be present in the diamond 
film produced there. Additionally, this reference discloses 
that boron can be an intentional additive but is used to 
reduce the intrinsic stress in the chemical vapor deposition 
diamond film or to improve the oxidation resistance of the 
film and that the boron can be present in an atomic percent of 
from 1 to 4,000 ppm. 

The presently claimed invention is patentably 
distinguishable over Anthony et al combined with Tsuji et al 
as Anthony et al discloses that boron can be contained in the 
diamond film in an amount of up to 4,000 ppm. In the 
presently claimed invention, the boron content is preferably 
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less than 100 parts per million in order for the isotopic 
diamond to maintain its high thermal conductivity and still be 
a semiconductor. Additionally, the currently presented method 
claims require that the isotopic diamond not be produced by, a 
chemical vapor deposition process. Since Anthony et al is 
concerned with the relief of stress in a diamond formed by 
chemical vapor deposition, there certainly is no teaching 
contained in this reference which would suggest that any 
advantage would be gained at all by incorporating boron in a 
diamond produced by a method other than chemical vapor 
deposition. As shown in Example 5 on page 16 of the present 
specification, when a high concentration of boron is contained 
in an isotopic diamond, the thermal conductivity of the doped 
isotopic diamond is greatly lowered. In contrast thereto, 
when the isotopic diamond does not contain any boron, although 
it has a high thermal conductivity, it functions as an 
insulator. Given the generic disclosure of Anthony et al, it 
is completely unexpected that doping an isotopic diamond with 
boron in an amount up to 100 parts per million can produce a 
p-type semiconductor having a high thermal conductivity. 

The Banholzer et al reference discloses a process for 
producing single-crystal diamonds consisting of isotopically 
pure 12 C or 13 C. This reference discloses that the diamond is 
prepared from the isotopically pure 12 C or 13 C in order to 
enable the diamond material to have as high a thermal 
conductivity as possible. As with the Tsuji et al reference, 
this reference teaches away from the presently claimed 
invention in that it suggests that impurities would not be 
acceptable in the single-crystal diamonds disclosed there 
because they would lower the thermal conductivity thereof. As 
such, Applicants respectfully submit that the unexpected 
discovery that a p-type diamond semiconductor having a high 
thermal conductivity can be obtained through the doping of 
boron therein is completely unexpected in light of the prior 
art cited by the Examiner. 
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Applicants once again respectfully emphasize that it goes 
against the teachings of the art to dope isotopic diamonds 
with boron in order to enable the use of the diamond in 
different devices. Moreover, Tsuji et al and Banholzer et al 
expressly teach against incorporation of impurities in the 
diamond products disclosed there due to reduction of the 
thermal conductivity of the diamond products. Therefore, 
Applicants respectfully submit that the presently claimed 
invention clearly is patentably distinguishable over the prior 
art cited by the Examiner. 

The Examiner is respectfully requested to reconsider the 
present application and to pass it to issue. 



Respectfully submitted, 
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Thermal diffusivity 0 f isotopicaliy enriched U C diamond 

T. R. Anthony, W. R Banholzer, and J. F. Fleischer 
Central Electric Company, Research and ^ueiopment Center, River Road, Schenectady. New York 12309 

Lanhua Wei, P. K. Kuo, R. L. Thomas, and R. W. Pryor 
Institute for Manufacturing Research and Department af Physics, Wayne State University, Detroit, Michigan 48202 

(Received 27 December 1989) 
Type-11,4 diamond single crystals containing approximately 0.1%, 0.5%, and 1% "C were syn- 
thesized and their thermal diffusivkies were measured at room temperature by the thermal-wave- 
mirage technique. The measured value Clgj cmVU of the 0.1% J3 C crystal was. 50% higher than 
the 1% »C (natural isotope abundance). This is the highest room-temperature thermal diffusivity of 
any solid naturally occurring or previously synthesized. The laser damage threshold at 193 nm for 
the isotopteaUy enriched erystal is more than an order of magnitude higher than that of natural dia- 
mond. 



L, INTRODUCTION 

The thermal conductivity of a dielectric solid can be 
shown by formal transport theory 1 to be 



(I) 



where C is the specific heat of an assemblage of phonons, 
V is the speed of the phonons in the solid, and A is the 
phonon mean free path. In a dielectric solid like dia- 
mond, C can be taken as the specific heat of diamond and 
Fcau be taken as its sound velocity? 

The mean free path of phonons in a crystal is a func- 
tion of many factors. Scattering of phonons can be in- 
duced by other phonons, the walls of the crystal, grain 
boundaries, chemical impurities, vacancies, dislocations, 
and isotopes. Because very few elements can dissolve in 
diamond, very pure diamond can be synthesized. Also, 
grain boundaries can be eliminated and dislocations and 
wall effects minimized by growing large, high-quality dia- 
mond single crystals. The very high binding energy in di- 
amond implies that the vacancy-formation energy is high. 
Consequently, the equilibrium vacancy concentration is 
very low in a high-quality diamond crystal that is grown 
slowly from a liquid melt. Hence, in a large, high-quality 
diamond single crystal, the phonon scattering that gives 
rise to thermal resistance is predominantly caused by 
phonon-phonon and phonon-isotope scattering. With 
this simplification, the mean free path A of phonons may 
be expressed as 

l/A-l/A^+l/A, , 

where A ph . p}i is the mean free path produced by phonon- 
phonon scattering in diamond and A/ is the mean free 
path generated by phonon scattering by the small amount 
of the heavy carbon isotope, l3 C, in natural diamond 
(99%"Candl% l3 C). 

Calculations have indicated that, in diamond at room 
temperature, A^.^ is 30 nra and A, is 2.6X10 3 nm, so 
that A is 30 nm. 1 In other words, the phonon mean free 



path is reduced by a negligible amount at room tempera 
ture as a result of the 1% l3 C isotopic "impurity." Othe 
sermempirical correlations 3 * 4 predict that the thermal 
diffusion coefficient enhancement in isotopicaliy pure dia 
mond at room temperature should be less than 5% 
However, it should be recognized that a first-principle 
calculation of the phonon mean free path is difficult, a 
best, and with that in mind, we have pursued the experi 
mental determination of thermal diffusivity in isotopica] 
ly enriched diamond, as described below, 

EL EXPERIMENT 

A. Synthesis of diamond crystals 

Isotopicaliy enriched methane (99-9% a C) was ot 
tained from Cambridge Isotopes Labs of Woburn, Mass 
and used to synthesize diamond by means of chemical va 
por deposition (CVD) without further purification of th 
methane. To eliminate sources of C contaminatio 
from natural carbon impurities in our reactor or in bu 
reactor materials, a new CVD reaction chamber was cor 
structed from materials (quartz and copper) that do nc 
dissolve carbon. The isotopicaliy enriched methane wa 
converted to a sheet of polycrystalline diamond by mean 
of a standard CVD method discussed in the literature* 5 " 
X-ray-diffraction, electron-difeaction, and Ramar 
scattering measurements .were used to confirm the ident 
ty of the diamond sheet. The Raman peak was centere 
at 1333 cm" 1 with a full width at half maximum of 
(2) cm" 1 . Previous* (unpublished) results showed that th 



polycrystalline CVD diamond sheet of isotopicaliy er 
riched diamond had the same thermal conductivity as 
similar CVD diamond sheet made from methane with it 
natural isotopic abundance of carbon. 10 

The isotopicaliy enriched diamond sheet was crushe 
and powdered and used as a source of carbon for th 
high-pressure, high-temperature growth of a large sing! 
crystal of diamond. Diamond powder must be used as 
starting material for growing large highly perfect sing*. 
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'isotopic abundance of 98.96% U C and 1.04 U C, and an 
intermediate-purity crystal (sample 5) was grown with a 
nominal purity of 99.5%. l2 C and 0,5% "C, using the 
method described above- Finally, a type-11,4 natural gem 
stone (sample 6) was borrowed 13 and prepared for the 
thermal measurements in the same fashion as samples 
1-5. The preparation procedure is described below* 

B. Preparation of diamond crystals 
for the thennatofave measurement 

The measurement of the thermal diffusivity of a solid 
by the optical-probe-beam (mirage-effect) -detection of 
thermal waves is simplified if the time-varying energy 
source of the thermal waves is localized to the surface of 
the solid. Since diamond is transparent to the modulated 
argon-ion laser beam used in our experiments, we first 
prepared the diamond by depositing a thin film on its sur- 
face. In carrying out the numerical fits of our theory to 
the experimental thermal-wave data, we assume that the 
thermal waves are generated in the film. For our first 
measurement, carried out on sample 3 (synthetic, type- 
II A natural isotopic abundance), an Ar-F excimer laser, 
operated at a wavelength of 193 nm and a fiuence of-300 
mJ/cm 2 , Was used in this surface preparation. The result 
of the absorption of the 193-nm (6.4 eV, well above the 
band edge) radiation was to graphite a layer (approxi- 
mately 60 nm thick) on the surface bf the diamond crys- 
tal. For the isotopically enriched **C diamond (sample 
1), the excimer laser failed to graphitize the diamond sur- 
face, evenat 10 times the previous fiuence. This observa- 
tion may be due'to the much higher thermal diffusivity, 
which we later confirmed experimentally, or may be the 
result of changes in the extinction coefficient at 193 nm, 
or perhaps both factors. Separate spectroscopic measure- 
ments are currently underway, the results of which will 
be reported elsewhere. In order to provide for a reliable 
surfacenahsorption tjycr, therefore, a 100-nm layer of Ti 
was sputtered from a Ti target over a period of 5 mm 
onto the surface of sample 1, which was held at 350 C m 
an Ar atmosphere. This Ti film had a sufficient optical 
absorption and an adequate adhesion to the diamond 
crystal .for carrying out the optical-probe (mirage-effect) 
detection of thermal waves, described below. Because of 
the success of this Ti-film procedure, it was subsequently 
utilized on all other samples. As a farther check on the 
thermal-wave-diifilsivity measurement, a control sample 
of pure, single-crystal copper was prepared with a nearly 
identical Ti film on one of its faces. 

C Measurement of thermal diffusivity by the optieal-probe 
(mirage-effect) detection of thermal wyes 

Our thermal-wave technique for determining the 
thermal difiusivities bf solids has been detailed else- 
where. 14 ' 15 A schematic diagram of our experimental set- 
up is shown in Kg. 1- An argon-ion laser beam is 
chopped by an acousto-optic modulator at several ki- 
lohertz and focused on the surface of the sample to pro- 
vide a periodic localized surface heat source that gen- 
erates Wspfcerical (approximately) fcfeTTOal W2VCS in 
the diamond crystal. Thermal waves are also produced m 



crystals of diamond because of the fact that there is a 
Wee volume change in transforming from the graphite to 
diamond structures. This transformation disturbs the 
crystal-growing conditions too much to allow the 
highest-quality crystals to be synthesized. In the present 
work a 0.95-carat diamond (sample no. 1) and a 0.92- 
carat' diamond (sample no. 2) of 99.9% l2 C were grown 
from a liquid transition-metal melt at high temperatures 
and high pressures, using the large-gem temperature- 
gradient catalyst process invented at the General Electric ' 
Research and Development Center. 11 ' 12 . The growth of 
the diamonds was carried out at 52000 atm and 1200 "C 
in a belt apparatus capable of sustaining a stable high- 
pressure and temperature environment for a time 
sufficient to grow the two crystals. A small single-crystal 
seed with an orientation of < 100 ) was used to initiate the 
growth in each case. The transition-metal catalyst was 
used to ensure formation of a type-II^ diamond (minimal 
nitrogen or boron impurities, Lc f the purest known dia- 
mond type). The resulting crystals were both clear in 
color and assessed as "IT*- grade on the standard diamond 
color scale. The seed crystals were subsequently removed 
•by polishing on a standard diamond scaife. After polish- 
ing, the largest (100) face on sample 1 was measured to 
be 4X7 ram 2 and that on sample 2 measured to be 3.5X4 

mm 2 . i . 

The small seed crystals contained the natural isotope 

abundance (1%) of l3 C and were the major sources of C 
contamination in the synthesis of. samples 1 and 2. Al- 
though the seeds were placed at a point in the high- 
pressure apparatus where they were in contact with a su- 
persaturated solution of carbon in a liquid-metal melt> 
there remained some danger of carbon exchange between 
the seed crystal and the solution. This danger of contam- 
ination is not as serious as it first appears because of the 
fact that the seed crystals are themselves 99% C and 
have very small masses (0.005 carats) compared to those 
of the final crystals. In the worst case, if the seed crystal 
were to have completely dissolved, the final crystals 
should contain only 0.005% of the l3 C isotope as the re- 
sult of tins contamination. 

As an experimental determination of the final isotopic 
purity of the large single crystal, an analysis was made of 
sample 1 by Krueger/Geochrom of Cambridge, MA, us- 
ing a mass-spectroscopic analysis of the combustion 
products from a piece of the CYD polycrystalline dia- 
mond sheet, as well as those from a small parasitic dia- 
mond crystal that grew in the same high-pressure cell as 
did our large diamond. The results of that analysis indi- 
cate that the isotopic purity of the polycrystalline CVD 
diamond sheet and the single-crystal sample 1 were 
99.91% and 99.93% ll Q respectively. The slightly 
higher isotopic purity of the single crystal is not surpris- 
ing, since growth "of a crystal from a liquid can cause 
some isotopic enrichment as a result of. the different 
atomic jumping frequencies of the n C and "C isotopes, 
both in the solid and liquid phases. 

Two other large single crystals of synthetic diamond 
(samples 3 and 4) Were grown in a high-pressure T high- 
temperature cell using synthetic diamond powder wtuct 
had been prepared from carbon containing the normal 
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FIG. 1. Block diagram of the optical-probe-beam (mirage- 
effect) thermal-diiTusivity apparatus. 



the air that is in contact with the surface of the sample. 
The presence of the thermal waves in the air is detected 
by means of a 60*fun-diaxn He-Ne laser probe beam that 
bounces at near-grazing angle (—2*) from the diamond 
surface in the vicinity of the focal area of the heating 
beam. As this beam passes through the heated region of 
the air, it is refracted by the time-varying gradient in, in- 
. dex of refraction of the air (the mirage effect) which ac- 
companies the thermal waves. The magnitude and phase 
of the vector deflection of this probe beam is then mea- 
sured by means of a position-sensitive, quad-cell detector, 
the outputs of which are amplified and fed to two 
separate vector lock-in amplifiers (one to monitor the vec- 
tor component of the deflection which is normal to the 
surface, the other to monitor the transverse deflection}- 
A microcomputer-controlled stepping motor stage is used 
to move the position of the heating beam across the sur- 
face of the sample at right angles to the direction of the 
probe beam. The two components of the time-varying 
vector deflection are measured synchronously (magnitude 
and phase) for each position of the stepping-motor scan, 
and are recorded in separate memory locations of the mi- 
crocomputer for later numerical comparison to theory. 
The scans are repeated for several different frequencies 
(typically eight), with the computer controlling the entire 
set of scans, including programmed changes in parame- 
ters of the two lock-in amplifiers, and data storage. The 
resulting data set (typically 12 800 points) is fitted to the 
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theoretical predictions described below, utilizing a m 
. tiparameter, least-squares-fitting routine. 

It should be pointed out that the measurement is a f u 
damental one, in the sense that it consists simply of 
measurement of length (offset between the two bea ' 
and time (the frequency). No determination of absoh^ 
temperature is necessary, only the spatial and tcmpom 
distributions of the temperature, 

EEL THEORY OF MIRAGE SIGNAL 
FROM A BOUNCED PROBE BEAM 

The thermal-diffusion equation in a layered rnedinn 
with a periodic point source can be solved to .give closed 
form solutions. For the present experimental situation i 
three-layered medium, air/film/substrate, is sufficient 
The corresponding transverse, & and normal, tf> nt mirag. 
signals are given by 15 



(3 



with 



and 



K 1 q 2 coth6-hK l q i 

Xexp[ ?1 A-A: 1 rJ/4-(/a>/a 1 )r|/4] , 



ik 



(4 



e=tanh~ 1 



and 



\ 



(5 
(6 



ff,»(* l -Wi / ) 1 ' 2 , (7 

and where n is the index of refraction of the air, T is th< 
ambient (dc) temperature, d) is the (angular) frequency o 
modulation, r { and r 2 are the radii of the heating anc 
probe beams, respectively, h is the height of the probe 
beam above the sample surface, x is the offset distance be- 
tween the heating and probe beams, and aj and K/ are th< 
diffusivity and thermal. conductance of the fth medium, 
respectively. The assignments of the suffix are 1, air; 2 
film; and 3, substrate. 

The above formulas are derived with the assumptior 
that the probe beam skims above the sample surface anc 
penetrates through the ac-temperature field of the heated 
air and that the entire probe beam is received by the posi- 
tion sensor. This (skimming) method has, the drawback 
that, in order to increase the signal-to-noise ratio, it ii 
necessary to keep the probe beam as close to the heated 
region as possible. However, that same requirement in- 
variably allows the sample to block part of the sWmminf 
probe beam. There is an alternate approach, which w< 

adopt in the praertf ^oft, in wfogj Qic probe beam is 

bounced from the sample surface at or near the heated re- 
gion- The angle of incidence (measured from the plan* 
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of the surface) is made as small as possible, so that the 
probe beam is almost parallel to the sample surface, This 
is referred to as the bouncing method to distinguish it 
from the skimming method. The bouncing method is not 
without its drawbacks too. For instance, it is applicable 
only when, the sample surface is nearly specular optically. 
Furthermore, corrections must be made to account for 
the curvature of the sample caused by the heating (the 
thermal bump). Fortunately, neither of these considera- 
tions is significant for the present experiment. The dia- 
mond crystal has a highly polished surface and the 
reflectivity (with the titanium coaling) is over 75%. Also, 
the thermal-expansion coefficient of diamond at room 
temperature is extremely small. Thus, the bouncing 
method is our method of choice for the measurement of 
diffusivity of diamond crystals* However, the expressions 
given in Eqs. (4) and (5) must he modified appropriately 
for this beam geometry. It is necessary to consider Sepa- 
rately the mirage effect on the probe beam before and 
after its reflection from the sample surface, since after 
reflection the sense of up-down is reversed. When these 
"considerations are incorporated, the expressions for the 
anctions G Rl {k) [Eqs. (4) and (5)] become 

^ , x ^[e jfwU^-erfwUt)] 
G„(x)= , , , _ eocp[(rf+rJ)&V4] , 



^zCOthfl+K^! 



(8) 



^ [erfw(z 2 )+erfw(z L )] 
«2£acoth0+#C|$i 



G t [x)=- ■ " ' exp[(r|+rl)fcV4] t (9) 



where erfw(r) 1$ a function related to the standard com- 
plementary error function by 



erfw(2)s^exp(2 2 )erfc(z) , 



with 



(10) 



(ii) 



rhe expression for 6 is unchanged from Eq. (6). Since the 
probe beam is no longer parallel to the sample surface, 
the quantity h is redefined as the height of the center of 
the probe beam where it intersects the heating beam be- 
fore it is reflected from the sample. If it intersects the 
heating beam after it is reflected, It is regarded as nega- 
tive. The new forms of G ui (k). indicate that <f> t is even 
and <p n is odd in A. 

In the theoretical expressions given above, we have at- 
tempted to include most of the effects which contribute to 
the mirage signaL However, there are a few factors that 
are either too difficult to account for or are too costly in 
computation time to be incorporated in the present work. 
These factors are discussed here as possible sources of 
systematic errors. The first is the deflection of the probe 
beam by the thermal bump. It can be reasoned that it 
contributes primarily to #„(*), because of the near- 
grazing reflection angle.- Furthermore, because of the 

elastic stiffness of the solid, the bump is expected to 
spread over a larger range in x than that of the heated re- 



gion. Thus, its effects are most noticeable for small 
values of k. We have observed some evidence of this 
effect in our data. It is most noticeable for the copper 
data at smaller values of h, where the bouncing point lies 
closer to the heated region. For the diamond data, its 
influence is quite negligible. A second possible source of 
systematic error is the temperature dependence of the 
diffusivity of air. In addition to the ac-temperature gra- 
dient detected by the mirage effect, there is also a dc 
thermal gradient. Its effect on the deflection of the probe 
beam is not easily incorporated into the analytic solutions 
to the diffusion equation. .To estimate its influence, we 
have repeated some of the runs with different heating * 
power, and have seen no significant change in the mea- 
sured diffusivity of air. A third factor is the local varia- 
tion in sample surface absorbance. To ensure that the 
heat source is stable, we operate our heating laser under a 
optical-power-control mode. Also, the probe-laser power 
i$ monitored continuously, and the result is used to nor- 
malize the mirage signals. However, any local variation 
in absorbance can still cause $ a ix) and $ f {x) to have ad- 
ditional dependences on x. In the present work the Ti 
coalings have sufficient uniformity to alleviate such con- 
cerns. Indeed, the overall quality of the fits in both x 
space and k space give us confidence that the influence of 
these factors is not significant. 

IV. THE MULTIPARAMETER 
LEAST-SQUARES-!- 11 XING PROCEDURE 

The theoretical expressions above allow one to com- 
pare experimentally measured mirage signals in a least- 
squares-fitting procedure and thereby to deduce values of 
important physical parameters, such as the thermal 
diffusivity of the diamond material Although there are 
many parameters in these expressions, some of them, 
such as ri and r a , can^be determined by independent ex- 
perimental measurements. Values of some of the parame- 
ters, such as h and r 2 , however, are less easily checked. 

The nature of a least-squares procedure is that it seeks 
a local minimum, of the squares of the errors in the mul- 
tidimensional space of the..-various fitting parameters- 
Depending on die initital values, which are assumed, the 
program can be "trapped" at a physically unreasonable 
local minimum and consequently fail to achieve the true 
minimum. In fact, there is no foolproof way to determine 
which of the local minima is the correct one. Neverthe- 
less, we take several measures to guard against such a* 
false minimum The first precaution is to acquire data for 
<p s and $ a simultaneously, using two lock-in amplifiers, 
and then to fit all these data in a single fitting routine, us- 
ing the same set of parameters. The second measure is to 
use multiple data sets which are acquired with incremen- 
tally different (known) values of experimental parameters 
(such as frequency), but with identical values, of the other 
experimental parameters, and then once again fit all the 
data in a single routine with the same set of fitting param- 
eters. Thirdly, we fit the data several different ways, 
fixing most fitting parameters, while leaving some experi- 
mentally known parameters as unknowns in the fitting 

routine, to be checked against their known values. The 
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dependence on A is a case in point. The magnitudes of ^, 
and 4>„ depend strongly on ft, but the absolute value of A 
during a given scan is difficult to determine accurately in 
an independent measurement. However, several scans 
can be made in succession with precisely known 
differences of h. When these data are fitted with h simply 
taken to be a fitting parameter, the agreement between 
the fitted and experimentally preset differences in A is ex- 
cellent, and gives a very good indication of the integrity 
of the process. 

A typical -scan consists of acquring data on both in- 
phase and quadrature signals of 4, and with two vec- 
tor lock-in amplifiers for 400 stepped values of a. The ex- 
pected (or lack x>£> symmetry properties of fa{x) (odd in 
x) and <f> H {x) (even in x) are also used as indicators of the 
quality of sample surface and beam alignments. The 
scans are repeated up to eight times with different fre- 
quencies and/or heights to comprise a single data set. In 
our fitting routine, a total of 12 800 data are compared to 
numerical evaluations of Eqs. (3), (8), and (9) for each 
iteration of the parameter values, until a best fit is ob- 
tained. The forms off, and>„ [see Eq. (3)] suggest that 
the fitting procedure is most efficiently carried out in the 
.Fourier-transform space (k space). The final results are 
plotted in both x and k spaces (see Sea V). 

V. RESULTS 

In order' to illustrate the quality of the multiparameter 
least-squares fits described above, we display four 
different plots of a typical fit to the 0.07% «c sample 
(sample 1) in Figs. 2-5. Figures 2 and 3 show the plots in 
* space, and Figs. 4 and 5 show them in k space. The 
curves labeled 'V and V in Figs. 5 and 6 represent the 
in-phase and quadrature components of the signal, re- 
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^ FIG. 2. Magnitude of the normal component of the mirage 
signal as a function of the offifct distance between the heatm* 
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3. Magnitude of the transverse component of t 
mirage signal as a function of the offset distance between t 

pie 1 £99.93% "Q. Experimental points. are represented" 
symbols and theoretical valnes by lines. 



spectively. In these plots we have thinned the 400 expa 
mental points per curve for ease of comparison with i tl 
theoiy. It should be noted that the same parameters ft 
eluding the amplitude and phase) have been used for boi 
ft and ft,, and for all eight frequencies that have b« 
plotted. The agreement between theory and experirao 
is excellent, with; only small deviations for ft, for vahi. 
of Mess than 0.002 pirn' 1 . A possible cause for thai 
slight deviations has been discussed in Sec IIL it shoul 
also be noted that the significant changes in both slop 
and curvature of the *-space curves are faithfully bon 
out by the data./see Figs. 4 and 5, and especially the "j 
curves for 4 and. 10 kHz). We have achieved similarly es 
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FIG. 5. la-phase x and quadrature y components of the 
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FIG. 6. Summary (log-log) plot of the thermal diffusivities of 
the diamond samples tabulated in Table I. 

cellent quality of fits for all of our diamond data. As dis- 
cussed in Sec. in, the fits for our Cu data are slightly 
poorer, but with a resulting diffusivity which is in excel- 
lent agreement with values found in toe literature. 
Furthermore, our fits for Cu data collected on a surface 



TABLE L Summary of experimentally measured thermal diffusivitics for the five synthetic and one natural type-IIy* diamond 


crystals, together with the measured values for a pure single-crystal Cu control sample. Also tabulated arc the experimental run pa~ 
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V» r? si nry 
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Coating * 


Orientation* 


frequencies 


heights 


(cmVs) 




fc 1 


0,07 


Ti (1000 A) 


large (100) 


8 


1 


. 18.5 


0.0026 


1 


0.07 


Ti (1000 A) 


large (100) 


8 


1 


18,6 


0,0014 


1 


0.07 


Ti (1000 A) 


large (100) 


1 


5 


18.6 


0.0032 


1 


0,07 


T? 1 1 nnn a \ 
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large Uvu; 
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1 
* 


18.6 


0.0016 


1 


0.07 


Ti (1000 k) 


large (100) 


8 


1 


18.4 


# 0,0010 


1 


0.07 


Ti (1000 A) 


large (100) 


8 


1 


18,3 


0.0010 


1 


0.07 


Ti (1000 A) 


1 (111) 


8 


1 


18.5 


0.0011 


1 


0,07 


Ti (1000 A) 


2 (111) 


8 


I 


17,2 


0.0011 


1 


0.07 


Ti (1000 A) 


2 (111) 


5 




18.3 


0.0008 


1 


0.07 


Ti (1000 A) 


2 (111) 


8 


1 


18.6 


O.0Q09 " 


1 


0.07 


Ti (1000 A) 


1 (111) 


8 


1 


21,2 


0.0014 


1 


0.07 


H (1000 A) 


1 (111) 


8 


1 


17.2 


0.0012 


1 


0.07 . 


Ti (1000 A) 


1 (111) 


8 


1 


17.6 


0.0014 


2 


0.1 


Ti (1000 A) 


1 am 


8 


1 


18.8 


- 0.0009 


3 


1.04 


graphite (600 fo 


large (100) 


5 


- 1 




0.0034 


3 


1.04 


graphite (600 A) 


Urge (100) 


5 


2 


1M 


0.0049 


3 


1.04 


graphite (600 A) 


large (100) 


5 


1 


12,1 


0.0041 


3 


U04 


Ti (1000 A) 


large (100) 


8 


1 


12.9 


0,0023 


3 


1.04 


TI (1000 A) 


large (100) 


8 


I 


12.8 


0.0011 


3. 


1.04 


' Ti (1000 A) 


large (100) 


8 


1 


13.5 


0.0006 


3 


1.04 


Ti (1000 A) 


large (100) 


8 


I 


12.9 


0.0010 


4 


1 


Ti (1000 A) 


large (100) 


8 


1 


12.7 


0.0030 


3 


0,5 


Tl (1000 A) 


1 (111) 


8 


I 


14.6 


0.0012 


5 


0.5 


Ti (1000 A) 


1 (111) 


8 


1 


14,7 


O0012 


5 


0.5 


11 (1000 k) 


3 (111) 


8 


1 


14.2 


0.0010 


6 


natural HA 


Ti (1000 A3 


large (100) 


* 8 


1 




0.0008 
0.0010 


Cu 




no coating 




3 


1 


1,3, 


Cu 




no coating 




3 


1 


13 


0.0021 


Cu 




no coating 




3 


1 


1.2 


0.0015 


Cu 




Tl (1000 A) 




5 


1 


Ui 


0.0010 



* 1, 2, or 3 refers to facet no. 
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covered by a Ti film give the same diffusivity as do our 
fits on an uncoated Cu surface. 

A summary of *U the results of our diamond thermal- 
diffusivity measurements is given in Table I. The column 
labeled 'Variance" in Table I is a measure of the quality 
of the multiparameter Jit, and is simply the statistical 
variance between the theory and the typically 12800 
values of experimental data. Our thermal-diffusivity re- 
sult (12.4±1 cmVs) for synthetic samples having the nat- 
ural isotopic abundance is in good agreement with values 
calculated from handbook values of thermal conductivity 
and heat capacity. 17 Our result for the natural crystal 
(12,2±1 cmVs) is in similarly good agreement. Our mea- 
sured values (18.5±1 cmVs) for the 99.9% isotopically 
enriched samples are indicative of a 50% enhancement in 
thermal diffusivity. Our measured value (14.5±1 cmVs) 
for the intermediate-isotopic-purity (99-5%) sample is 
consistent with the other results. A summary (log-log) 
plot of all the diamond diffusivity values from Table I is 
given in Fig, 6. A naive extrapolation of this plot to U C 
concentrations of the order of 0.01% could result in a 
100% enhancement in room-temperature diffusivity from 
that of high-quality natural diamond- In summary, our 
99.9% n C- enriched crystals n have the highest room- 
temperature thermal diffusivity <18.5±1 cmVs) of any 
solid naturally occurring or previously synthesized. 

VL DISCUSSION 

If we assume that the specific-heat capacity and the 
density of the enriched samples do not differ significantly 
from their values for samples with the natural isotopic 
carbon abundance, then we can calculate values of 
thermal conductivity corresponding to the diffusivity 
values tabulated in Table I by using the definition 
a=/c/pC, where a is the thermal diffusivity, p is the mass 
density, and C is the specific-heat capacity. This results 
in a conversion factor at 25 *C of *={1.795±0*032)a. 
The thermal conductivity of the isotopically enriched 
99.9% 12 Cjypt-II^ .diamond is then found to be 33±2 
Wcm fc, K *. A comparison of the thermal conductivi- 
ties of these crystals with other substances 2 * 4 is given in 
Table H. 

VIL SUMMARY . 

High-quality diamond crystals were synthesized, re- 
spectively, from diamond "feed stock having three 
different isotopic distributions of carbon- Heuristic argu- 
ments predict that the thermal conductivity of the isotop- 
ically pure diamond should increase, at most, by about 
5% at room temperature because of a reduction in 
phonon-isotope scattering. Experimentally, we have 
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TABLE II. Comparative thermal-conductivity values f 
this work and selected earlier studies on high-conductivity 
terials. 



Mate rill 


Thermal 
diffusivity 
(cm 1 s -t ) 


Thermal 
conductivity 


0.07% "C diamond 


18,5 


33.2 


(this work, enriched} 




0.5% C diamond 


- 14,5 


26.0 


{this work, enriched) 




1.0% "C diamond (this 


12,4 


22.3 


work, natural abundance) 






natural diamond (this work. 




21.9 


Ref. 2) 




CVD diamond (Refs. 5-9) 




12.0 


cubic boron nitride (Ref, 4) 




7.6 


silicon carbide (Ref. 4} 




4.9 


copper (ReL 4) 


125 


4.0 


beryllium oxide (Ref, '4) 




3,7 


boron phosphide (Ref* 4) 




3.6 


aluminum nitride (Ref. 4) 




3a 


silicon (Ref, 4) 


Q.S6 


1.6 


aluminum oxide (Ref, 4} 




0.2 



found an increase of 50% in the diffusivity, implying a 
corresponding decrease in the phonon-isotope scattering 
if one assumes that C and Fare comparatively unaffected 
by the isotopic impurities. We have also observed that 
the damage threshold at 193 nm for the isotopically en- 
riched crystal is substantially higher than that for the 
crystal with the natural isotopic mix. These u C-enriched 
crystals consequently have the highest room-temperature 
thermal conductivity of any solid naturally occurring or 
previously synthesized. A naive extrapolation of our ex- 
perimental results to purer ,2 C diamond indicates a po- 
tential enhancement of room-temperature thermal con- 
ductivity of over 1(50%, 
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